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5Abstract
The properties of the first order diffraction from a
single skeleton muscle fibre are investigated both at rest
and at activation. The intensity of the first order
diffraction against sarcomere length from a resting fibre
has a maximum near S=2.7 m and would be explained by optical
diffraction theory. During activation, the intensity
decreases. At the initial phase of contraction, the
intensity decrease is due to the decrease of the scattering
efficiency of the overlap region of the thick and thin
filaments. The intensity decrease decreases with sarcomere
length. Near the peak of shortening, the intensity is also
affected by the randomness of the myofibrils. The linear
dichroism of the first order diffraction from a resting
fibre decreases with sarcomere length. During activation,
the linear dichroism increases to maximum at the peak of
shortening and then decreases to minimum (smaller than the
resting value) at the peak of shortening. The increasing
phase reflects the conformational'chancjes occur in the S-1
and S-2 moieties during contraction, while the minimum
linear dichroism reflects the orientation of the S-2
moieties at the peak of shortening. In addition, the time
profile of the linear dichroism is consistent with the




Skeletal muscles of animals are responsible for
movement. They are composed of a large number of muscle
fibres (multinuclear cells) arranged in bundles. Every fibre
extends the entire length of the muscle and is attached to
the tendons at two ends (Fig.l.la). The diameter of a
typical fibre is about 50 to 100 m. Each fibre is make up of
an array of parallel myofibrils. The myofibril has a
periodic structure and is transversely banded in regular
pattern as seen in light or electron microscope (Fig.1.ld).
In addition, almost all myofibrils are aligned in register
so that the muscle fibre appears to have striations
(Fig.1.lb). Hence, skeletal muscle is also called striated
muscle. The repeating unit of the myofibril is called a
sarcomere which is bounded by two successive Z-lines. The
two main components of a sarcomere are the thick and thin
filaments. Attached to the Z-lines are the thin filaments,
about l.O m in length the thick filaments, about 1.6pm in
length, interdigitate in between the thin filaments and form
the A-band of the fibre. The notation A represents optically
anisotropic. The region outside the A-band contains mainly
the thin filaments. This region is called I(isotropic)-band
(Figl.le).
Up to now, the sliding filament model provides a








Fig. 1.1 Schematic diagram of the structure of the skeletal
muscle.
3contraction. The model. tatc'S that con traactlon in the
striated muscle are brought forth by a process in which th
thick and the thin filaments slide past each other, while
the lengths of the filaments are unchanged (Fig.1.2). The
model is supported by observations that the lengths of the
thick and thin filaments always remain unchanged but the
extent of the overlap of the thick and thin filaments varies
as the muscle is stretched or activated. However, the basic
cause of the relative motion of the two filaments is still
unclear.
The thick and thin filaments are made of proteins. The
thick filaments which have clusters of globular projections
at both ends and a projection free region in the middle are
composed of a protein called myosin, a long double -helix
chain. The myosin molecule can be described by two subunits:
the light meromyosin (LMM) and the heavy meromyosin (HMM).
It is believed that the ends of the FIMM's projections which
have ATPase activity play the most important role in force
generation in various models of muscle contraction.
According to the cross-bridge model (Huxley, 1972),
these projections of the heavy meromyosin called S-1
moieties interact with the thin filaments during muscular
activation. The S-1 moieties attached to the thick filaments
through the S-2 moieties of the 11MM's are considered to be
very near to the surfaces of the thick filaments when the
muscle is at rest. When the muscle is activated, S-1





Fig. 1.2 The sliding filament model of the skeletal muscle.
F is the thick filament, f the thin filament. (a) and (b)
are showing the sarcomere units with different sarcomere
lengths.
5contact with the thin filaments (Ui(J. 1.3). Presumably, the
S-1 moieties attach to the thin filaments in one
configuration then a structural change takes place and the
thin filaments are drawn along a certain distance. The
movement of the S-1 moieties from the thick filaments to the
thin filaments during tetanic con t(iction had been confirmed
by X-ray diffraction studies (Hazelgrove & Huxley, 1973).
Now, effort is placed on the time-resolved X-ray diffraction
studies of a contracting (Huxley, L979 Amemiya et al.,
1979) to observe the time course of the
crossbridge motion.
1.2 Optical diffraction studies of the stralted muscle
The appreciation of the optical diffraction studies of
skeletal muscle is clue to the fact that the length of the
repeating unit of a myofibril is about 2 to 3 ,pm, which is
comparable to the wavelength of visible light. When a
skeletal muscle fibre is illuminated with a laser beam
orientated perpendicularly to the fibre axis, a spectrum of
discrete lines of light can be observed on a screen placed
at right angle to the incident beam. This spectrum is
generally interpreted as a diffraction phenomenon generated
by the difference in relative refractive indices of the
regularly repeating A-and I-bands. According to this
interpretation, the fibre behaavus gas an optical phase
grating. Furthermore, the diffraction line spacing can be







Fig. 1.3 The configuration of the S-1 and S-2 moieties of a
resting fibre (a) and that of an activated fibre (b)
according to the cross-bridge model.
1936; Cleworth Edman, 1972; Paolini et al., 1976):
Ssln (Q)= n
where S= the sarcomere length,
(7= the diffraction angle,
n= the diffraction line order, and
X= the wavelength of the light source.
Thus, the earliest application of the optical diffraction
technique is the determination of sacromere length of
muscle fibre. Furthermore, the diffraction line spacing for
an obliquely incident laser beam is well described by an
optical phase grating model (Leung, 1982a), too. The one
dimensional grating model is further supported by Fujime
(1975). He treated the thick and thin filaments in the
sarcomere as primary scattering elements and applied the X-
ray diffraction theory to calculate the intensities of the
diffraction lines. Intensity ratio measurements of the
diffraction lines of the resting muscle fibres at various
sarcomere lengths agree well with the theoretical
prediction.
Asymmetry in the left and right diffraction intensities
and the fine structure of the diffraction lines can be
explained by the diffraction theories describing the muscle
fibre as a three dimensional diffractor (Rudel Zite-
Ferenczy, 1979; Yeh et al., 1980; Judy et al., 1982; Leung,
1982b). In the theories of the Rudel Z i te-Ferenczy and Yeh
et al., to account for the asymmetry of the diffraction
8intensities, the following assumption is made: there exits
Bragg reflection planes or skew planes, in muscle fibre.
However, the constancy of the diliraction fine structure
when either the wavelength or the incident angle of the
laser beam is varied, or the fibre is stretched slightly, or
the fibre is submergerd in hypontonic or hypertonic solution
indicates that such Bragg reflection planes or skew planes
must have a wide range of continuous tilts (Leung, 1984).
Leung found that the fine structure of the diffraction line
would be accounted for by the contiguous model in which each
myofibril has many series of contiguous sarcomeres of equal
length. The model indicates that interference from a
myofibril array whether the array is random or not would not
account for the observed fine structures but affect the
intensity of the diffraction line. The fine structure is due
to the interference from different sections of sarcomeres of
identical length of each myofibril. Thus, although the
diffraction models have become more and more complicated,
diffraction theories still provide the basic description of
the diffraction pattern from muscle fibres.
Optical diffraction methods generally provide
structural information of the resting muscle fibre. In
addition, they are useful in studing sarcomere dynamics and
evaluating different models of contraction mechanism. The
movement of the diffraction line from contracting skeletal
fibres (Paolini et al., 1977), cardiac tissues (Krueger &
Pollack, 1975) and single myocardial cells (Krueger et al.,
91980; Leung, 1983) can provide the shortening speed of the
sarcomeres and sarcomere dynamics. Non-uniform sarcomere
movements during relaxation have been observed using light
diffractometry (Edman, 1980; Edman & Flitney,1982) The
tracking of the diffraction fine structures during
contraction of. single myocardial cells shows non-uniform
shortening near the peak of shortening. It also yields the
period of the cardiac cycle (Leung,1983). Latency relaxation
of skeletal muscle fibres (I-laugen Sten-Knudsen, 1976) and
latency of single myocardial cell (Leung, 1983) have been
measured with light diffractometer. Moreover, the
polarization properties of the diffraction line provide
insight to the movement of the S-2 moieties of the thick
filaments of the skeletal fibre at rest and during the
relaxed-to-rigor transition (Yeh Pinsky, 1983 Yeh et al.,
1983).
1.3 Aim of the thesis
Sarcomeres of activated muscle undergo various changes
which affect the characteristics of the light diffracted
from these elements. Geometric changes are manifested mainly
in the shift of the diffraction angle. changes due to the
interactions between the thick and thin filaments and
variation of calcium ion concentration can influence the
light scattering efficiency. Thus, these physiological
modulations should display themselves in the diffraction
intensity. There is abundant evidence that diffraction
10
intensity decreases prominently when the fibre is actively
contracting. However, the origin of this intensity decrease
is puzzling. Many attemmts have been made to elucidate such a
decrease (Cleworth Edman, 1972 Kawai & Kuntz, 1973;
Fujime 1975; Paolini et al., 1976, 1977; Baskin et al.,
1979; Rudel & Zite-Ferenczy, 1980).
To find the intensity ratio of the diffraction line
from an activated muscle fibre to that from a resting fibre
at the same sacromere length is one of the methods to
investigate the strength of activation. However,
contradictory results are obtained between various workers.
Oba et al. (1981) found that the ratio is roughly a constant
with sarcomere length up to 3.6pm. Measurement by Paolini &
Roos (1975) imply that the intensity ratio increases with
sarcomere length while those by Baskin et al(1979) show
the opposite result. There is a common point among the
above three research groups that the activated muscle is in
the state of tetanic contraction. During tetanic
contraction, every sarcomere is in the state of full
activation and under the tension of adjacent sarcomeres. Any
unbalance of force between sarcomeres will cause the
arrangement of sarcomeres to be quite different from that of
the resting fibre. The intensity of the diffraction line is
very dependent on the arrangement of sarcomeres or that of
myofibrils (Leung, 1984). Thus, to eliminate the effect of
different arrangement of myofibils is very important in this
method in the disclosure of the physiological event of a
11
muscle fibre during activation.
The first half of the thesis deals with diffraction
intensity from contracting fibres. The intensity decrease
of the diffraction line from the activated muscle fibre is
related to the physiological events within the sarcomeres
and the disordering in the myofibrillar registers. These two
factors are shown to be separable. Subsequently, the
strength of activation in the contracting fibre is revealed.
In another half of the thesis, the linear dichroism of
the first order diffraction is studied. The linear dichroism
of the first order diffraction light describes the
normalized difference of the diffraction light with
polarizations perpendicular and parallel to the plane formed
by the fibre and the incident laser beam. The scattering
efficiency of a fibre for the light with different
polarizations will. be dependent on the orientation of the
'- helix molecules. In addition, during activation the
orientation of the S-2 moiety of HMM changes and S-1 moiety
is binding to the thin filament. The molecular
conformations of S-1 and S-2 moieties are changing
anisotopically such that longitudinal force is generated
for the contraction. The anisotrpic molecular
conformational changes will change the scattering
efficiencies differently for different polarization light.
Thus, an examine of the linear dichroism will provide
information about the extent of the interaction of the thick





The diffraction intensity from a resting muscle fibre
is studied through an ideal 3-dimensional grating model. The
calculated intensity of the first-order diffraction frorn
this 3-dimensional grating model is used to compare with
experiment to see if this 3-dimensional grating model is
suitable for describing the optical dif=fraction process of a
muscle fibre. In addition, a better understanding of the way
by which a muscle fibre di f Craac_ts light would provide a
firmer base for measurements.
The diffraction theory of a muscle fibre shows that
there are two factors affecting the intensity of the first
order diffraction line: the structure Factor of a single
myofibril and the interference factor of different
myofibrils (Yeh et al., 1980; Judy, 1982; Leung, 1982,
1984). The interference factor is due to the relative
arrangement of myofibrils, and it will not give any
information about the physiological events within the fibre.
Thus, to find out contribution to the diffraction intensity
from the structure factor is very important. The
physiological events are thought to be embedded in the
structure factor.
The characteristic arrangement of the thick and thin
filaments along the fibre indicates that the optical
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properties of the diffraction are very different for th
following two cases: (1) the electic field of the incident
laser beam is perpendicular to the fibre axis and (2) thaI
parallel to the fibre axis. The difference of the two cases
provides much information on the movement of the cross-
bridge and the time course of activation during a single
twitch of a fibre.
2.2 Intensity of the first order diffraction from a
resting skeletal muscle f fibre
It is strictly impossible that all myofibrils of a
single skeletal muscle fibre are identical and aligned in
reyister as shown in Vigg. 2.1. Howcevicer, it is sufficiently
simple to allow all physical ideas to be easlly understood
by considering this ideal 3-dimensional grating model. Erom
this model the intensity of the first order diffraction near
the meridional plane is calculated and used to compare
experiment to see if this ideal 3-dimensional grating model
is suitable for describing the optical diffraction process
of a muscle fibre.
A single myofibril as shown in Fig. 2. 2 is aligned
along the z'-axis and is illuminated normally by a laser
beam. The wave front of the laser beam is assumed to be
planar. The amplitude of the Faunhofer diffraction of a
14
Fig. 2.1 An ideal fibre with identical myofibrils composing













Fig. 2. 2 Diagram of a myofibril aligned alony the z'-axis
and illuminated by a laser beam with ko and ks are the
incident and scattered wavevectors, respectively.
16
plane wave from the myofibril is
wnere , q are the polar acid azimuthal angles of the
diffracted wave vector, respectively.
r' is the position vector of the scattering element,
q is the reciprocal space vector, or q=ks-ko,
ks and ko are the wavevectors of the diffracted and
incident light, respectively,
fn (r') dv' is the scattering wave amplitude due to the
volume element dv', and
V' is the volume of the myofibril illuminated by the
incident laser beam.




For an ideal myofibril, the molecular arrangement is
symmetric about the axis of the myol ibri I. Hence, L (r1) can
be replaced by fn (z'). Therefore, the amplitude of the
Fraunhofer diffraction in the direction( ) is
(2.1)
where L= length of the myofibril being illuminated, and
ao= radius of the myofibril.
The last two integrals of Eq. 2.1 lead to the well-known
expression for the scattering by a homogeneous cylinder:
(2.2)
where J(x) is the Bessel function of first order. Since all
composite sarcomeres of an ideal myofibril are identical,
the first integral of Eq 2.1 can be decomposed into
integration of one of the sarcomere units:
where C(s)
(2.3)
S= length of the sarcomere unit, and
N+l= LS= number of the sarcomere units llLuminated
by the laser beam.
With Eg. 2.2 and 2.3,
The first amplitude maximum will occur at:
Then the amplitude near the meridional plane under the above
condition is
(2.4)
where 0 is the diffraction angle of the first order
d l f fraction.
(2.5)
Futhermore, when the fibre is stretched such that the
sarcomere length is changed from 2.2jjm to 3.6jum, c!pa0 1S
the range of 0.08 to 0.22, or J( qp a())( qpaQ) in the range
Since NS~L and a2ec is, Eq. 2.4 can be written as
0.4996 to 0.4968. Therefore, E q. 2. 5 is simplifled as
The first order diffraction light intensity of a singf
fibre containing T parallel myofibrils is
(2.6)
where H is a constant and is the position vector of the
mth myofibril. For an ideal single fibre, all myofibrils are
aligned in register. However, the optical interference
factor of different myofibrils is dependent on sarcomere
length because is changing as the fibre length is
: hanged. Following the unit eel I model of myofibril
introduced by Fuijme (19 7 5) and using the f o J lowing
parameters (Fig. 2.3):
F the scattering wave amplitude of the unit length
of the thick filament,
f the scattering wave amplitude of the unit length
of the thin filament,
S the sarcomere length sin
a the length of the thin filament 1.0 urn,
b the length of the thick filament 1.6 pm,
the wavelength ol the incident isaer
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Fig. 2. 3 The unit cell model of sarcomere. TF is the thick
f11 amen t, tF the thin filament, S sarcomere length, 2a
the length of the thin filament and b the length of the
thick filament.
where g is the reciprocal space coordinate and equal to 1S
for the above consideration. Simple integration yields
(2.7)
Hence, with Eq
diffraction near the meridional plane from an ideal single
fibre for different sarcomere length, and it is used to
compare with experiment. The comparison between the theory
2.3
The intensity of the first order diffraction from a
(2.9)
2.7
F s i n( f si n
(2.8)
Eq 2.8 describes the intensity of the first-order
and measurement will be descussed in Chapter 4.
Intensity of the first-order diffraction from a
single skeletal muscle fibre during an isometric
contraction
resting muscle fibre according to Eq. 2.8 can be expressed
as
where
M and K denote the structure and the interference
factors, respectively.
During isometric contraction, calcium ion is flowing
from the sarcoplasmic reticulum to the protein troponin
localized on the thin filament. The interaction of the
troponin and calcium ion allow attachments of the S-l
moieties of the myosin molecules to the thin filaments. All
these changes occur in the overlap region of the thick and
thin filaments. Because of these changes, F and f, the
scattering wave amplitudes of the thick and thin filaments,
would have an additional amplitude A in the overlap region.
The structural factor for the first order diffraction line
of an isometric contracting muscle fibre is
M (S, resting)
Fsi n
A comparison of the diffraction intensities from contracting
and resting fibres involves a square of the product of the
f sin s 1 n -sin
structure factor, M and the interlernce factor, k.
However, if the resting muscle fibre and the contracting
fibre have the same sarcomere length and fine structure of
the diffraction pattern, K(contracting) would be identical
with K(resting). Thus, the ratio, R(S), of the intensities
of the first order diffraction of the contracting and
resting fibres of the same sarcomere length under the above
condition is due to the structure factors:
In the experiment the above condition will be achieved by
two ways: (1) the fine structure of the diffraction line is
monitored, and (2) the length of f ibre illuminated by the
laser beam is as long as possible so that the effect of the
fibre movement artefact on the diffraction intensity is
kept as low as possible. Thus, the ratio R would reflect
changes in the scattering efficiencies of the contractile
elements, and hence, the strength of activation.
2.4 The linear dichroism of the muscle fibre
Phenomenon of linear dichroism is easily observed when
a light beam is passing through a linear polarizer or a
dichroic crystal such as tourmaline. There is a specific
direction in the dichroic crystal known as optical axis
which is determined by its atomic configuration. The








Fig. 2.4 A dichroic crystal. A natural light beam (NL) is
passing through a dichroic crystal (DC). The absorptions of
the ligth with polarizations perpendicular and parallel to
the optical axis (OA) are different.
perpendicular to the optical axis is strongly absorbed.
Therefore, the term linear dichroism refers to the selective
absorption or transmission of the two orthogonal components
of linearly polarized light. The definition of the linear
dichroism will be more clear if Fig. 2.4 is considered.
When a natural light is passing through a dichroic crystal,
In and Iare the two tranmitted orthogonal of linearly
polarized light parallel and perpendicular to the optical
axis, respectively, and the linear dichroism is defined as
Owing to the characteristic arrangement of a muscle
fibre, muscle fibre is probably dichroic and the optical
axis must be along the fibre axis. The amplitude
transmission coefficients of the electromagnetic wave with
e1ectr1c-f1e1ds parallel and perpendicular to the plane
formed by the fibre and the incident light beam is defined
a s
where E,. and E(., are the amplitudes of the two(in) and E (in)
orthogonal components of electric-field of the incident
light, and E(trans) and E(trans) are those of light
transmitted through the fibre. These two coefficients would
be different. The optical diffraction pattern of muscle
trans in
trans in
fibre indicates that the amplitude transmission coefficients
are periodic. it is thus useful to decompose these
coefficients into their Fourier components:
(2.5)
where A =2TTs. The first order diffraction will reflect the
properties of the two first Fourier components, t and
t j. In the following paragraphs, a method is disscussed
in measuring the linear dichroism of the first order
diffraction from a muscle fibre:
where 1 and i;| are the intensities of the first order
diffraction with polarizations perpendicular and parallel to
the plane formed by muscle fibre and the incident natural
light.
The method involves two particular instruments:a
photo-elastic modulator and a lock-in amplifier. The photo-
elastic modulator can be described as an electro-optic-
mechanical device which modulates the polarization of£
light beam using piezo-optic effect. An oscillating,
mechanical strain is initiated and then sustained in£
transparent piezo-electric crystal, creating a periodic









Fig. 2.5 A fibre illuminated by a phsae modulated laser
beam. L is the He-Ne laser, PI the linear polarizer, PEM the
photo-elastic modulator and MF the muscle fibre.
elastic modulator as shown in Fig. 2.5, there will be a
phase difference() between the oscillating electric fields
along i- and j-d1rections. Because an oscillating,
mechanical strain is sustained in the? piezo-electric crystal
of the modulator, the phase difference is oscillating:
where G is the amplitude of the oscillating phase difference
which is dependent on the amplitude of the oscillating
mechanical strain in the piezo-electric crystal of the
modulator, and w is the frequency of the oscillation.
G cos (wt)
Another instrument is a lock-in amplifier. The lock-in
amplifier can make an accurate measurement of small signal
even when the signal is obscured by noise sources. When the
signal is modulated to a particular frequency, a lock-in
amplifier is essentially a filter with an arbitrarily narrow
band width which is tuned to the frequency of the signal.
Such a filter will reject most unwanted noise to allow the
signal to be measured. With these two instruments, the
linear dichroism of the first-order diffraction line can be
measured directly.
The linear polarizer PI is placed in front of the He-Ne
laser (Fig. 2.5). The polarizing axis of the linear
polarizer PI is in horizontal direction. After passing
through the linear polarizer Pi, the electric field of the
laser beam is
where 1 and j are the two orthogonal unit vectors: the
vectors make 45° and ~4-5° with horizontal. The photo-elastic
modulator is aligned such that the vibrating direction of
the piezo-electric crystal is 45° with the horizontal and is
placed between the polarizer PI and the muscle fibre. After
passing through a photo-elastic moderator, the electric
field is
Here, the polarization of the Laser beam is continously
changing. This modulated laser beam illuminating the muscle
fibre is some what Like a natural light. for convenience,
E2 is expressed in a new coordinate system as
where
(2.11)
and are the unit vectors parallel and
perpendicular to the polarizing axis of the polarizer PI,
respectively. Just passing through the fibre which is
arranged normal to the laser beam and perpendicular to the
polarizing axis of the linear polarizor PI, the electric
field is
With Eq. 2.10, Eq. 2.11 can be written as
Now, the intensity of the first order diffraction will be
(2.12)




cos[Gcos(w t) ]=J (G)+ 2 J (G)cos(2wt)—
t h




DE cos . and I DE and
cos( 2 w t)
when G=r2.4048 or J(G)=0.
The condition will be achieved in experiment by noting that
if a linear polarizer is used instead of a muscle fibre and
then
cos( 2wt)
where I is a constant. The time average of I wi I 1 he
dependent on the orientation of the linear polarizer. If
J(G)=0, the time average of I will be independent of the
orientation of the polarizer. If the signal expressed in
Eq. 2.14 is fed into the lock-in amplifier operating at 2w,
it will give out signal proportional to I




3.1 Experlmental studies on the intensity of the first order
diffraction from a skel_eta 1 muscle fibre
3.1.1 Preparation and stimulation of muscle fibres
Single fibres were used throughout all the experiments.
Single intact muscle fibres from the dosal head of the
semi tendlnosus muscle were isolated in Ringer's solution
(composition in grams per litre: NaCl, 6.7206; KC1, 0.1864;
CaCl 2 .2 H20, 0. 2646; Na2HPC4, 0. 3052; Nal-PC.fO, 0.1173) by
using forceps and scissors at room temperature. The fibres
were equilibrated in the Ringer's solution for about half an
hour and then inspected under a dissecting microscope
(Olymplus, model VMT) for damage before experimentation. The
fibers then were mounted horizontally in a specially
designed fibre holder (Fig.3.1) filled with the Ringer's
solution. The muscle length would be set by screw adjus¬
tments in both sides of the holder. The sarcomere length
change was made by identical adjustment of the two screws to
ensure that the movement of the mul-point of the Iibre was
mlnimum.
Two parallel platinum wires used as electrodes vsece
placed about 1cm apart on the two side of the muscle fibre
for the stimulation. The output of the pulse generation
(Farnell, model PG5222) was adjusted to 1.5 times of the
threshold value. The duration of stimulus is 1 ms.
rc:. j
Fig. 3.1 A fibre holder. S is the screw adjustment on th
two side of the holder and G the glass bottom.
3.1.2 The optical diffractometer
A He-Ne laser (Spectra-Physics, Model 120, 6 mW) was
mounted horizontally on an optical bench so that the plane
of po1arlza11on was horizontal. The laser beam was enlarged
to about 5mm in diameter by the natural divergence of the
laser beam and was aligned normally to the side of a 45 J-
90° quartz prism and reflected vertically upward by the
surface containing hypotenuse. The central portion of the
vertical beam (about 3mm in diameter and the polarization of
the beam as perpendicular to the fibre axis) was used to
illuminate the middle portion of the fibre. The diffraction
pattern on the right side was projected on to a calibrated
screen placed 70cm above the fibre. A beam splitter and a
photornultlpiler tube system were mounted on a rotating arm
in the left side of the diffraction pattern (Fig.3.2). The
horizontal axis of rotation of this arm was centered at the
fibre volume illuminated by the laser beam. An array of 15
photodiodes (Hamamatsu S875-16R) interfaced with the Apple
II was attached to the calibrated screen on the left side.
The beam splitter divided the first order diffraction line
on the left side into the photornultipiier tube system and
the photodiode array. The photornultipiier tube measured the
total light intensity of the first order diffraction while
the photodiode array was used to monitor the sarcomere








Fig. 3.2 Schematic diagram of. the setup. PA is the
photodiode array, RA the rotating arm, PTS the
photomultlpller tube system, BS the beam splitter, MF the
muscle fibre, L the He-Ne laser and P the 45 -90 quartz
prism.
3.1.3 The photomul11p11er tube system
The photornu111pi 1er tube system consists of the convex
lens of focus length of 12 cm and diameter of 5 cm, a
photomultlpller tube (Hamamatsu R928) placed 12 cm from the
lens and a rectangular window (20 mm 30 mm) placed
immediately in front of the lens (Fig.3.3). A diffuser is
placed just in front of the photomuItip1ler tube to ensure
that the whole photosensitive grid of the photomultlpller
receives the diffraction intensity uniformly even when the
focussed light on the diffuser is displaced slightly. The
rotating arm carrying the photomultlpller tube system could
be driven by a electric motor to the diffraction line of the
muscle fibre.
The uniformity of the output of the photomultlplier
tube system under the identical diffraction line was tested
as follows. The sarcomere length of a resting muscle fibre
was adjusted to 2.7pm and the rotating arm was set in
motion. The photomultiplier swept across the diffraction
line and its output showed a broad band with a flat top. The
centre and the width of the flat top corresponded to the
diffraction angle 6 =13.55° and 0=2.8°, respectively. In
term of the sarcomere length (S), 6= 13. 55°fl. 4c
corressponded to 2.45pm<S<3.00pm. This indicated that when
the photomultlpiier tube system was set to 0 =13.55°, the
intensity of the diffraction from the fibre with its
sarcomere length varied between 2.45pm and 3.00pm would be




Fig. 3.3 The pho tornu11ip1 ler system. PT is the
pho t om u 11 i p 1 l e r tube, f) the d i I I user: and C'b the convex Lens.
system was always moved to a position such that the
photomultipller could detect continuously without distortion
the intensity of the first order diI fraction from the fibre
during the isometric contraction even though the diffraction
line was moving. The lens converged the diffraction light
passing through the window on to the photomult1piier tube;
the output of the photomul1 piier tube was stored in a
storage oscillscope (Hitachi VC-6015) and displaced by a x-
y recorder. The output of the photomultiplier tube was
proportional to the sum of the intensity of the first order
diffraction and that of cert 1 an off-order diffraction which
fall on the rectangular window of the photornultipiier tube
system. The intensity of the first order diffraction was
estimated as the different of the outputs of the following
two situations: the first order diffraction line inside the
rectangular window and that outside the window. The rotating
arm would also carry the light detection system to the right
side if necessary.
3.1.4 The photodiode array system
The array of 15 photodiodes was attached on a
calibrated screen 7 0 cm from the fibre, interfaced with the
Apple II through an anolog to digital converter (Mountain
Co.). The size of the array was shown in Fig.3.4. The array
would be slide freely on the calibrated screen in the
direction parallel to the muscle fibre. The array was
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15 photodiodes
Fig. 3.4 The photodiode array.
through the beam splitter would centre on the first
photodiode. In general, the width of the diffraction line
could cover three photodiodes. From the position of each
photodiode relative to the undif fracted laser beam, the
sarcomere length was determined using the grating equation.
Therefore, the array was only placed in certain particular
positions at which the sarcomere lengths corresponding to
different photodiodes were calibrated. During the
contraction cycle of the fibre, the diffraction line swept
across the photodiodes sequentially and the output of each
photodiode was measured every millisecond, digitized, and
then stored in Apple II. The scanning time of the array was
135 ps. The output of the photodiode array which was used to
monitor the fine structure pattern and determine the
sarcomere length of the active fibre was examined
immediately after every twitch to ensure that the fine
structure pattern preserved during the early state of
contraction. The criterion for the preservation of the fine
structure pattern was that the intensity profiles recorded
by different photodiodes were similar. The useful signal
from the array was stored in the floppy disk for later use.
3.1.5 Data acquisition
The whole experiment was controlled by the Apple II. As
the Apple II ran the program, it gave out a signal to
trigger the pulse generator( Fame LI model PG5222). The
pulse generator then gave out 2 pulses: one to trigger the
storage osci11 scope and the other one with a delay of 10 ms
to stimulus the muscle fibre (Fig.3.5). The fine structure
of the first order diffraction would be monitored by the
Apple II; the time profile of the intensity of the
diffraction was stored in the oscillscope.
3. 2 Fx pe r urten ta 1 st u d i e s on the line a r dichroi s m of the
first order diffract ion
The experimental procedure was similar to the previous
part except that the He-Ne laser beam was modulated before
illuminating the fibre. The polarization of the incident
laser beam was modulated periodically by the photoelastic
modulator (Hinds, PEM-3). Before incident on the photo-
elastic modulator the laser beam first passed through a
polarizer PI, and the beam polarization was then in the
horizontal direction. Sebsequently, the beam illuminated
the modulator with the vibrating direction of the piezo¬
electric crystal making 45° with the muscle fibre lying
horizontally (Fig. 3.6). After the laser beam had passed
through the modulator, the phase different between two
electric fields parallel and perpendicular to the piezo¬
electric crystal was
where w= 50 kHz, G is the maximum phase difference which
was controlled by the vibration of the piezo-electric







Fig. 3.5 A schematic diagram ol tin eloctronic system for
the intensity measurement uL the first order diffraction. MF
is the muscle fibre, L the He-Ne laser, BS the beam
splitter, PA the photodiode array, PTS the photomultlpller
tube system, PS the power supply of the photomultipiier
tube, CRO the storage oscilloscope, PG the pulse generator






Fig. 3.6 The pnase of the laser beam modulated before
illuminating the muscle fibre. MF is the muscle fibre, L the
He-Ne laser, PI tne linear polarizer with polarizing axis
being in horizontal direction, PEM the photo-elastic
modulator and p the 45-90 quartz prism.
order diffraction from the fibre was
The time average of I would be dependent on. if a
linear polarizer P2 was used instead of the fibre (Fig.
3.7), both of I and were dependent on the orientation of
the linear polarizer P2. The measurement would be simplier
when G= 2. 4 0 4 0 or J (G)=0. Then
The condition was achieved by the adjustment of the
vibration amplitude of the p i ozo-e 1 ec t r i c crystal, until the
time average of I was independent of the orientation of the
linear polarizer P2.
The output of the light detection system was fed into
the storage oscillscope for the measurement of the intensity
of the first order diffraction, and the lock-in amplifier
(Princeton Applied Research, Model 126). The reference
channel of the lock-in amplifier was external driven by the
photoelastic modulator so that the lock-in amplifier was
able to detect 2w or 100 kHz signal (Fig.3.8). Thus the
lock-in signal was proportional to I ofLand stored in the
oscillscope. The linear dichroism of the the first order
diffraction was equal to the quotient of the lock-in signal
and the intensity signal.
The value of the linear dichroism of the muscle fibre





Fig. 3.7 Calibration of the linear dichroism by a linear
polarizer. P2 is a linear polarizer, L the He-Ne laser, PI
the linear polarizer with polarizing axis being in
horizontal direction, PEM the photo-elastic modulator and P
o o










Fig. 3.8 A schematic diagram of the electronic system for
the linear dichroism measurement of the first order
difraction. MF is the muscle fibre, L the He-Ne laser, PEM
the photo-elastic modulator, PEM-PS the power supply of the
photo-elastic modulator. PA the photodlode array, PTS the
photomultlplier tube system, PS the power supply of the
photomultlpller tube, CRO the storage oscilloscope, LI the
lock-in amplifier, PG the pulse generator and A the Apple
11,
dichroism was easily found by noting the orientation of the
polarizer. Suppose a natural light was used to illuminating
the linear polarizer P2 of which the polarizing axis being
at an angle with the direction of the fibre axis, the
linear dichroism was equal to
When =0° and 90°, =-l and 1, respectively.
Chapter 4
Resul t and Discussion
4 .1 Intensity of the first order diffraction from a
resting muse 1e fibre
The width of the first order diffraction line was about
lem on the calibrated screen. The diffraction line was so
wide because the illuminated volume of the fibre was large
(about 3mm of the fibre was illuminated). The sarcomere
length of the fibre was determined by the position of the
centroid of the line on the calibrated screen. The
intensities of the first order dill ruction 1 ines from
resting muscle fibres for different sarcomere lengths are
illustrated in Fig. 4.1. Data of different fibres at
sarcomere length of 3.0pm is normalized to one. The
intensity of the first diffraction line is a function of
sarcomere length and is maximum at sarcomere length around
2.7 to 2.9pm. Besides, the first order diffraction
intensities of some fibres have fluctuation with sarcomere
length.
The sarcomere length dependence of the intensity of the
first order diffraction line cannot be explained by an ideal
3-dimenslona1 grating model of which the interference factor
is independent of sarcomere length. From Eg. 2.8, if the
interference factor is a constant, the intensity of the
10
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Fig. 4.1 Intensity of the first order diffraction for
various sarcomere lengths. Different symbols represent data
taken from different fibres and all data are normalized to







first order diffraction line is
(4.1)
With F:f=3:l, Eq. 4.1 is plotted for various sarcomere
length in Fig. 4.2. The plotting shows that Eq. 4.1 is a
decreasing function in the range of sarcomere length of
2.2pm to 3.6pm; while, the measurement shows that the
intensity of the first order diffraction is maximum around
the sarcomere length about 2.7pm to 2.9pm. Therefore, the
ideal 3-dimenslona1 grating model with constant interference
factor cannot account for the measurement.
where the structure factor can be calculated exactly with
the unit cell model, but the evaluation of the interference
factor requires the knowledge of the position of the
illuminated myofibrils relative to a point inside the fibre,
The measurement and tne theory of the ideal 3-
dimensional grating model is more consistent when a more
realistic diffraction model of muscle fibre in which the
change of the interference factor is taken into account as
the fibre is stretched. in this model, the myofibrils are
considered to be randomly stacked. The structure factor, M,
and the interference factor, K, are involved in the
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Fig. 4.2 Theoretical intensity of the first order







which is probably impossible to determine tor the fibre with
the myofibrils not in register. Therefore, exactly
determination of the intensity of the first order
diffraction is impossible. To check the qualitative feature
of the first order diffraction intensities for various
sarcomere lengths, the myofibrils are assumed to be packed
in a hexgonal lattice and misaligned randomly along the
longitudinal axis of the fibre. Several cases are
considered here: (1) the misalignment is restricted less
than certain factor (0.4, 0.3 and 0.05) of the sarcomere
length, and (2) there is no misalignment. The interference
factor is calculated for 1262 parallel myofibrils under the
above condition. Taking into account of the contribution of
the interference factor, the first order diffraction
intensities for various sarcomere lengths are calculated and
plotted in Fig. 4.3. Fig. 4.3 shows that the first order
diffraction is maximum at the sarcomere length about 2.7jum.
The general feature agrees with the measurement. Besides,
Fig. 4.3 shows that the first order diffraction intensities
have some fluctuation with sarcomere length. Such a feacture
is readily observed in the experiment. In addition, the
calculation shows that the intensity of the first-
diffraction line decreases with the degree of randomness of
the arrangement of myofibrils.
In conclusion, the interference factor plays a very
important role in the determination of the intensity of the
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Fig. 4.3 Theoretical intensity of the first order
diffraction for various sarcomere lengths with the change of
the interference factor taken into account as the fibre is
stretched. The curve (a) represen is the case that all
myofibrils are aligned in register, (b) the misalignment of
the myofibril not greater than 0.05S, (c) the misalignment






myofibrils will give different dependence of the first order
diffraction intensity on sarcomere length, and the
dependence is not easily to be predicted. Thus, the
contribution to the diffraction intensity by the arrangement
of myofibrils can only be eliminated when the intensity
ratios are considered.
4.2 Intensity decrease of the fgrst order diffraction from
an isometric contracting fibre
The muscle fibre contracted after electric stimulation.
Typically, for the unstretched fibre each sarcomere
contracted about 0.25pm; for the stretched fibre (e.g.
S=3.0um) 0.1pm. The intensity profile of the first order
diffraction from an active fibre was recorded through the
photomultlpiier tube system and stored in the oscillscope;
the fine structure of the first order diffraction was
monitored by the photodiode array which was interfaced with
the Apple II. The intensity drops to a minimun at the peak
of shortening (Fig. 4.4); the fine structure remained the
same during the initial phase of the isometric contraction
and a new fine structure pattern developed at the peak of
shortening (Fig. 4.5). The intensity of the first order of
diffraction of the resting muscle fibre was then compared
with that of the isometrica11y contracting muscle fibre with
identical sarcomere length and similar fine structure
pattern. The ratio of the latter to the former decreases
with sarcomere length (Fig. 4.6).
0 50
TIME (ms)
Fig. 4.4 The intensity profile of the first order
diffraction from an isometric contracting fibre. The upper
trace represents the intensity profile and the base line is
the zero intensity. The lower trace represents the sarcomere












Fig. 4.5 The fine structure pattern of the first order
diffraction from an isometric contracting fibre. The fine
structure pattern is monitored by the output of each
photodiode. The solid line indicates the output of the third
photodiode whose position corresponds to sarcomere length
S= 2.5 5 jim; the dashed line the output of the fifth photodiode
(8=2.48); and the dotted line the output of the nineth







Fig. 4.6 The measurement o I the intensity ratio k(S). The
dots represent the average value from six fibres, and the
error bars represent plus and minus one standard derivation,
From Eq. 2.9 the intenslty of the first order
diffraction is
There are two ways to change the intensity of the first
order diffraction: to change the structure factor of a
single myofibril, M and to change the interference factor of
different myofibrils, K. It is reasonable to believe that
the change of the interference factor is due to the relative
arrangement of different myofibri Is, while the? change of the
form factor is due to the physiological state of the
myofibril. Therefore, the physiological state of the muscle
fibre can be observed through the change of the intensity of
the first order diffraction if the effect of the
interference factor is frozen.
The interference factor is said to be remained unchange
if the fine structure of the first order diffraction remains
unchanged. The fine structures of the first order
diffraction was observed to be constant during the initial
phase of the contraction, and then changed
dramatically at the peak of the shortening. Thus the
experiment revealed that the interference factor changed
very little during the initial phase of isometric
contraction and any change of the intensity of the first
order diffraction was due to the structure factor of a
single myofibril. Therefore, the initial phase of isometric
contraction is most suitable for the investigation of the
physiological events inside the active fibre.
However, most reported intensity measurement of active
fibres are taken at the plateau of isometric tetanus. There
is strong indication that the arrangement of the myofibrils
at the plateau of isometric tetanus is quite different from
that of resting fibre even though the average sarcomere
lengths of the two cases are the same. Photomicrographs of
stnation patterns of single fibre at rest and during
isometric tetanic contraction were taken by Julian et ai.,
(1978). Dunn g t h e initial phase j o I c ontr a c L 1 o n t h e
striations are clear. Chaos appear during the plateau phase
of the tension development. The fine diffraction pattern
behaves similarly to the striution pattern. The fine
structure pattern remains constant during the initial phase
of the isometric twitch. In most cases the fine structure
pattern begins to disintegrate before the peak of
shortening. If the resting and active myofibrillar
arrangements are different, their interference factors will
be different. Since at the plateau of tetanus there is more
disordering, K (active) K( resting) will, be less than unity
and the intensity would decrease. Many investigators have
mentioned that disordering in the illuminated volume is the
major cause of the intensity decrease (Fuijme, 1975; Paolini
et al., 1976; Baskin et al., 1979; Rudel Zite-Ferenczy,
1 980; Oba et al., 1981).
The structure factors of myofibrils of resting and
active fibres are
and
respectively. The ratio of the two intensities with
identical diffraction angle or sarcornere length and fine
structure of the diffraction line is
The ratios with different at different sarcomere lengths
are plotted in Fig. 4.7 and used to compare with the
experimental result (Fig. 4.6). The comparaison shows that
This result shows that the scattering efficiency decreases
in the overlap region of the thick and thin filaments during
activation. This decrease implies that there is a drop in
the polar 1zabi11ty in the overlap region because scattering
efficiency increases with polarizabi1ity or density of the
1ight-induced dipole monents (Berne Pecora, 1976). The
2+
Ca -binding loops, rich in negatively charged asartic acid
and glutamic acid residues which act as coordinating ligands
2+
for Ca, are flanked on either side byo(-helica1 segments
















Fig. 4.7 The theoretical values of the intensity ratio R(s)
with various A'S.
2 +
in troponin (Kretsinger Barry. 1975). Upon binding Ca,
the structures of glutamate and aspartate residues are
stabilized (Levine et al., 1977). This indicates that
contraints on the movement of these residues increase.
Besides, that the actin molecules change from 2.17 residues
per pitch to 2.15 residues per pitch upon binding Ca was
suggested by O'Brien et al., (1975). All of these point out
that there is a reduction in the average polarizabi1ity in
the overlap region because of the change of molecular
conformation during fibre activation. Not only does the
molecular conformation change affect the amplitude of the
scattering wave but also the phase of the scattering wave.
The intensity of the first order diffraction wi11 further
decrease if the phase of the scattering wave from the
overlap region is different from the other region.
In summary, the intensity decrease of the contracting
muscle fibre can be explained as folLows: during the initial
phase of contraction, the intensity decrease is due to (1)
the reduction of the polarization of the overlap region, and
(2) the destructive interference between the overlap region
and non-overlap region of the thick and thin filaments; and
near the peak of contraction, the intensity decrease is due
to the combined effect of the points (1) and (2) stated
above, and the randomness of myofibils.
4. 3 The linear dichroism of the Iirst order diffraction
from a resting muscle fibre
The whole dif fraction pattern was exam1ned to see if
the linear dichroism is identical tor the off-order and on-
order diffraction. A slit (3mm in 'width) was placed in front
of the rectangular window of the photomultip]ler tube system
so that only a small solid angle of diffraction light could
enter the photomultlpller tube system. The output of the
lock-in amplifier would be proportional to the linear
dichroism of such a small solid angle of diffraction light.
The photomultipller tube system was scanned against the
diffraction angle. The linear dichroism was found to be
small at off-order and large at on-order diffraction (Fig.
4.8). The behaviour of the linear dichroism against the
diffraction angle is the same as that of diffraction
intensity. Both of the linear dichroism and the diffraction
intensity are large at the diffraction angle that satisfies
the linear grating equation. For diffraction pattern, it is
due to the fact that inside the fibre there are some
periodic arrays of which their refractive indices are
different. Similarly, for the linear dichroism, it is due
to some periodic arrays of which the difference between rhe
two amplitude transmission coefficients of electromagnetic
waves with planes of polarization parallel and perpendicular
to the plane formed by the fibre axis and the incident laser
beam is much larger than the remaining medium. From a






















Fig. 4.8 The linear ci ic.hr o ism measurement near the first
order diffraction. The upper trace represents the intensity
measurement and the lower trace the linear dichroism of the
diffraction pattern from the muscle fibre of sarcomere
length equal to 2.7pm.
dichroism at the peak of diffraction is 0.2, while that at
off-order diffraction is -0.07. This result shows that non-
periodic materials such as cell membrane, nuclei, etc., are
more isotopic than periodic materials such as the thick and
thin filaments, Z-lines, M-lines, etc. Besides, from the
value of the linear dichroism at the diffraction peak, IX(
I Similar result was also found by Yeh and Pinsky
(1983). They used a He-Ne laser beam with plane of
polarization 45° to the fibre axis to illuminate the fibre.
At the diffraction peak, they found that (IXi ~In) is about
0.2 time of the intensity of the diffraction peak.
The linear dichroism of the first order diffraction
from a resting muscle fibre was recorded with different
sarcomere lengths. The result is plotted in Fig. 4.9. The
value of the linear dichroism decreases with sarcomere
length.
The linear dichroism of the first order diffraction is
a useful parameter because it is independent of the fibre
diameter. This assertion is supported by the fact that the
values of the linear dichroism of a single fibre and a
bundle of fibres are more or less the same. Also, the
linear dichroism of a bundle of fibres has a same sarcomere
length dependence. Another point to support the above
assertion is that linear dichroism is dimensionless. The
linear dichroism of the resting fibre decreases with the
sarcomere length. This decrease is a useful hint in
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Fig. 4.9 The linear dichroism measurement of the first
order diffraction for various sarcomere lengths. The lower
solid straight line and dashed curve are the experimental
and theoretical results obtained from resting fibre. The
upper ones are obtained from active fibres.
2.2, E q. 2.8 is generalized 1 n t h e f o I I o w i n g t w o c a s e s 1 n
which the incident laser beam has polarization perpendicular
and parallel to the plane formed by the fibre axis and the
incident laser beam, respectively:
Therefore, the ratio of the two intensities is
and the linear dichroism is
In the last section, the intensity decrease of the first
order diffraction is considered and the plane of
polarization of the incident laser beam is perpendicular to
the fibre axis. Hence, the result of the last section can
be written as Fx=3, f x= 1 and Ax=-1. r). With different F and
f, °L has different sarcomere length dependence. It is
found that when F;= 2.36 and f;=0.6, the theoretical ckl curve
is similar to the experimental one (Fig. 4.9). The analysis
shows that the scattering efficiency of the thick and thin
filaments for the ligth with polarization perpendicular to
the fibre axis is greater than that parallel to fibre axis.
Hence, the linear dichroism is a result of the anisotopy of
the thick and thin filaments. The thick and thin filaments
are mainly composed of o -helix protien molecules. The
electric fields parallel and perpendicular to the filaments
will 'see' different electronic configurations. As a result,
the scattering efficiency is different for different
polarization of incident light.
Recently, Yeh and Pinsky (1983) had performed a similar
experiment. They used a He-Ne laser beam with plane of
polarization 45° to the fibre axis to illuminate the fibre.
They measured the polarization of the first order
diffraction light and found that the optical-phase different
(£) between the two amplitude transmission coefficients
decreases with sarcomere length. Since diffracted intensity
is proportional to poIanzability and according to the
definition given by Yeh and Pinsky (1983), S m„ 1S
i f-•
proportional to (1, -I( cos). From the study of the
$ 4' ~z
linear dichroism, (1, -I, cos) can be determined to a
proportional constant. Fig. 4.9 shows that at S=2.3, 2.8
i i
and 3. 5 jam, L =0.215, 0.17 5 and 0.140, and then (Ix, -In
cos)=0.12k, 0.09k and 0.07k, respectively, where k is a
proportional constant. Therefore, the linear dichroism
study is complementary to the ellipsometric experiment of
Yeh and Pinsky (1983). Thus far, the ellipsometry of Yeh
and Pinsky can be only carried out when the fibre is in
equilibrium state. The advantage of the linear dichroism
measrement is that the measurement can be made during the
dynamical atate ol an isometric contraction.
4.4 The linear dichroism change of the first order
diffraction from an isometrie contracting fibre
After the linear dichroism attains the maximum, it
decreases to a minimum. Usually the value of the minimum
linear dichroism is smaller than the resting value. The
minimum occurs near the peak of shortening. Then the linear
dichroism comes back to the resting value. Some of typical
records are shown in Fig. 4.10.
The muscle fibre constructs after electric stimulation.
There is no detectable change of the linear dichroism during
latent period (period of time of 7 to 8ms after electric
stimulation). Then the linear dichroism increases to maximum
at the mid-way of shortening (about 20-30ms after electric
stimulation). The value of the maximum linear dichroism for
various sarcomere length is illustrated in Fig. 4.9. Similar
to the plotting of the linear dichroism of the resting
fibre, this maximum linear dichroism plotting has a negative
slope, but their difference is
|slope(contracting)||slope(resting)
As mention in Section 4.2, the scattering efficiency in
the overlap region decreases during activation. Now, the
investigation is emphasized on the relation between the


















Fig. 4.10 The time profile of the linear dichroism of the
f l r s i_ order ui i traction from an isometric contracting fibre.
Three profiles from the same fibre are shown with the

































polarizations of the incident light. The intensities of the
first order d i f fraction from the ad i vo fibre are
Here, Fx=3, fx= 1, Ax= -1 .5, F=2.36 and f=0.6, and only A i s
not known. Their ratio is
and the linear dichroism is
With =-1.75, the theoretical curve is similar to the
experimental one (Fig. 4.9). The analysis shows that during
activation the scattering efficiency decreases more for the
incident light with polarization parallel to the fibre axis
than that peripendicular to the fibre axis.
Since and are the two parameters describing the
scattering efficiencies of the overlap region during
activation, their properties must be closely related to the
interaction of the thick and thin filaments or the
interaction of the crossbridges with the thin filaments. In
term of polar1zabi11ty of the molecules inside the overlap
region, the values of t and n imply that the polarization
of the overlap region decrease, as mentioned in Section 4.2.
This decrease can be easily understood in another way.
A simple mechanical oscillator model (Fig. 4.11} is used.
The displacement of the electron cloud of a residue is
(4.2)
where e is charge of electron,
m is mass of electron,
w is the natural oscillating frequency of the
electron cloud, and
E(t) and w are the varying electric field and its
frequency.
If the conformation or the structure of the residue changes
during activation, the natural oscillation frequency of
2
electron cloud of the residue is changing, wr may change in
such a way that JC decreases. Hence, the polarization
decreases. For anisotopic residues of molecules Eq. 4.2 is
rewritten as
E C
Fig. 4.11 A simple mechanical oscillator model. EC is
electron cloud. The centre is the positively charged
nucleus.
where %n, Xz-j, and -33 are different, and each component
may have different natural frequencies of electron
oscillations. When the structure of the residue changes,
?(n r and 35 are probably changing
differently. Therefore, A± and A,t are different.
Without knowing the detailed molecular conformational
changes and the chemical kinetics during activation, it is
almost impossible to point out how the scattering
efficiencies for different polarization light decrease
differently. However, the difference between Aj_ and At is
a good indication of the extent of the interaction between
the thick and thin filaments because when molecular
conformation changes, A± and change differently. The
difference of A± and Au is reflected through the value of
the linear dichroism. Hence, the time profile of the linear
dichroism shows the extent of the interaction between the
thick and thin filaments.
From the time profile (Fig. 4.10) of the linear
dichroism, it is found that the value of the linear
dichroism remains unchanged during the latent period. This
suggests that there is no interaction between rhe
crossbridges and the thin fi Laments. Th€?n the linear
dichroism increases and reaches the maximun at the mid-way
of shortening (about 20-30ms after electric stimulation).
The increase of the linear dichroism is interpreted as the
extent of the interaction between the crossbridges and the
thin filaments is greatest. Then the linear dichroism
decreases and reaches a minimum roughly at the time of peak
of shortening. The value of the minimum linear dichroism is
usually smaller than the resting value. This indicates that
near the peak of shortening, the decrease of the scattering
efficiency for light with polarization perpendicular to the
fibre axis is greater than that parallel to the fibre axis,
which is just an opposite of the result at the initial phase
of contraction. This opposition gives a strong evidence
that the physiological states or the molecular conformations
at these situation are different.
In term of phase difference(£) between the two
amplitude transmission coefficients, the time profile of the
linear dichroism shows that increases as the fibre
contracts, and reaches a maximum at the mid-way of
shortening. Near the peak of shortening, Sf-i decreases and
reaches a minimum. Usually, the minimum is smaller than the
resting value. Here comparison between the resting fibre
and the fibre near the peak of isometric contraction is
made. is smaller at the peak of isometric contraction
than that at rest. Similar finding was obtained by Yeh et
al., (1983). They found that in the transition of skinned
muscle fibre from relaxed to rigor state decreases. The
difference between the relaxed and rigor states is that at
rigor state, in the overlop region all S-2 moieties hinge
out from the thick filaments and S-l moieties are binding to
the thin filaments, while in the relaxed state S-2 moieties
are parallel to the thick filaments and S-l moieties are
near the surface of the thick 1 1 lament. Since there is no
molecular conformational change in the crossbridges at the
relaxed and rigor states, the decrease of£ is mainly due
to the different orientation of the S-l and S-2 moieties.
During activation, muscle contracts. The physiological
events of contraction are composed of two kinds. The first
kind is due to the geometric changing of the S-l and S-2
moieties during activation. Another kind is due to the
chemical or conformational changes occur in the S-l and S-2
moieties in order to generate contracting force. Therefore,
at the mid-way of shortening, chemical or conformational
changes are important; while at the peak of shortening, the
geometric effect is important because the contracting force
generation stops. Hence, the physiological states of a
fibre in rigor and at the peak of isometric contraction are
similar. At the peak of shortening£ gives information
about the orientation of the S-2 moieties. Just opposite to
the decrease of aL or at the peak of shortening, the
increase of o( or£ is found at the mid-way of
contraction. This increase must be due to events other
than the orientation of S-l and S-2 moieties. It is
possibly due to the conformational changes of S-l and S-2
moieties during the course of contraction.
In summary, when a muscle fibre contracts
isometrically, the maximum value of the linear dichroism at
the mid-way of shortening reflects the conformational
changes of the S-l and S-2 moieties, while at the peak of
shortening the minimum value of the linear dichroism
reflects the orientation of the S-L and S-2 moieties.
4.5 Calcium transient and 1mear dlchroism change of the
first order diffraction from a con tr_ a c 1.1 n g riius cle fibre
The intracellular calcium transient of an isolated
muscle fibre during twitch has been detected by the calcium-
sensitive b i ol umi nescen t protein aequorin rn icro i n j ected
into the fibre (Taylor et a1,, 19 7 5; Blinks et al., 1978).
The general features found are (1) force and luminescence
start to rise almost simultaneously, (2) the aequorin
response reaches its peak (about 22ms after electric
stimulation) well before peak force is achieved, (3) the
luminescent declines to very low level well before
relaxation is complete, and (4) the amplitude of the peak of
the aequorin response is dependent on sarcomere length. On
the other hand, the general features of the linear dichroism
transient of the contracting fibre are (1) there is no
change of the linear dichroism of the diffraction line
during the latent period, (2) the linear dichroism attains
the maximum (about 20-30ms after the electric stimulation)
at the mid-way of shortening, (3) then the linear dichroism
decreases to minimum, usually smaller than the resting
value, and then rises back to the resting value, and (4) the
value of the maximum linear dichroism is a function of
sarcomere length.
It is noted that the transient signals of the aequorin
response and the linear dichroism of the isolated twitch
muscle fibres are very similar before the peak of
shortening. There must some relation between two signals.
The aequorin response is an indicator of the intracellular
calcium transient of the isolated twitch fibres. Since the
interaction between the thin filament and the S-] moiety is
switched on by the calcium, the peak aequorin response
means that number of S-l moieties attaching to the thin
filaments will be large. The conformational changes of S-l
and S-2 moieties imply that the linear dichroism increases.
Thus, the linear dichroism attains the maximum.
Besides, calcium indicator dyes Arsenazo III,
Antipyrylazo III and D1chlorophosphonazo III are also used
to measure the calcium transient occuring during
%
depolarization of frog skeletal muscle fibre (Miledi et al.,
1977; Baylor et al., 1982a, 1982b). It is difficult to
compare their results with our experiment because their
measurement was carried out at the sarcomere length equal to
3.8-4.2pm at which there is no overlap of the thick and thin
filaments.
In conclusion, the linear dichroism of the first order
diffraction line can be used as a parameter to indicate the
activity of the cross-bridge or the interaction of the thick




The grating model is suitable for describing the
optical diffraction process of the muscle fibre because the
model gives the correct diffraction line spacing and the
intensity with sarcomere length. There are two ways to
change the intensity of the diffraction line: (1) to change
the interference factor of myofibrils and (2) to change the
structure factor of the myofibril. The changing of the
structure factor is examined by the observation of the
intensity ratio of the first order diffraction during the
initial phase of contraction. During the initial phase of
contraction, the interference factor is almost uncnange
because of the constancy of the fine structure of the
diffraction line. The intensity decrease of the first order
diffraction line is due to the decrease of the scattering
efficiency of the overlap region of the thick and thin
filaments during the initial phase of contraction. At the
peak of shortening, the intensity of the diffraction line is
also affected by the random arrangement of myofibrils.
The studies of the linear dichroism of the first order
diffraction shows that the scattering efficiencies of the
thick and thin filaments are greater for the light with
polarization perpendicular to the fibre axis than that
parallel to the fibre axis. The scattering efficiencies of
the overlap region of the thick and thin filaments decrease
differently during activation. Therefore, the difference of
the two scattering efficiencies,± and An, is a good
indicator of the extent of the interaction of the thick and
t h i n filaments. Dur 1 n g the i n 11: i a 1 p h a s e o f contract 10 n,
the scattering efficiency for the light with polarization
parallel to the fibre axis decreases more than that
perpendicular to the fibre axis; the situation reverses
near the peak of shortening. Because the change of the
scattering efficiency is due to the conformational changes
of molecules, the studies at the initial phase of
contraction and near the peak of shortening imply that the
physiological states or the molecular conformations at these
two situation are different.
Alternatively, since the difference between the fibres
at rest and at the peak of isometric contraction is that
only the orientations of S-l and S-2 moieties under the
above two cases are different (in both cases there is no
molecular conformational change in S-l and S-2 moieties),
then the minimum linear dichroism near the peak of
shortening is reflecting the orientation of the S-l and S-2
moieties. The maximum linear dichroism at the mid-way of
shortening is reflecting the conformational changes occur in
the S-l and S-2 moieties in the course of contraction.
Besides, the time profile of the linear dichroism is
consistent with the intracellular calcium transient detected
by aequorin.
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ERRATA
1. Eq. 2.14 on page 30 itself should read as follow:
1= 1 (1+ 2J 2 (G) oLcos( 2wt) +2 J (G) c2lcos (4wt)+...
2. The 5th row from the bottom of page 30 itself should read
as fo1low:
4...., when G=2.4048 or J =0.
3. The equation on the bottom af page 30 itself should read
as fo1low:
11= I (1+ Jo (G) °l+ 2 J2 (G) oLcos( 2wt)+ 2 J (G) Olcos (4wt)+...)
4. The equation on the 2nd row of page 44 itself should read
as follow:
1= 1 (l+ Jo(G)L+2J2(G)cLcos(2wt)+2J4 (G) Lcos (4wt)+...)
5. The equation on the 8th row of page 44 itself should read
as fo1low:
I1= I1(!+ 2J2 (G) c o s( 2 w t)+ 2 (G) cos( 4wt)+)


